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Interference effects for SM Higgs in H = ZZ — 4]
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[CMS Collaboration ’22]

Impact of
signal-background
interference

= Sizeable interference contributions in H = ZZ* despite the small
width (= 4 MeV) of the SM Higgs: off-shell Higgs traded for off-shell Z
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Interference effects in BSM Higgs searches

Example: CMS search for H, A — tt [CMS Collaboration ’19]
CMS | U cr)arlmell | 3.5'.9 fbl_ll(ll3 :I'elV)

A (ma=400 GeV, i
I'A/mA = 4%, gatt = 09) §

Data — SM

0.6 <Chei<1l _
~ 500 750 1000
My [GeV]

—> Characteristic “peak-dip” structure expected from signal-background
interference
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Search for BSM Higgs bosons that can mix with
each other (almost mass-degenerate Higgses H, A)

Total cross section (signal-signal contribution):

otor = o(bbH) + o(bbA) (incoherent sum)

holds only in the CP-conserving case

But: in reality we don’t know whether CP in the Higgs sector is
conserved or not

Example: MSSM with complex parameters
Complex parameters = loop corrections induce CP-violation

Two Higgs states, nearly mass degenerate, large mixing

= Large (destructive) interference possible
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Search for heavy Higgs bosons at the LHC: impact
of interterence effects

Exclusion limits from neutral Higgs searches in [E. Fuchs, G. W. "17]

the MSSM with and without interference effects:

60
CP—ViOIating case, 50 HiggsBoundS
ba=T1/4 | [H. Bahl et al. '22]
H, A are nearly 40
mass degenerate: @
large mixing g 30
possible in CP-
violating case! 20 :

Pa=17/4, N0 Int mpmod+ ScenariO,
Incoherent sumis 19 Ga=rt/4, withInt - 1 = 1000 GeV
not sufficient! bb 9g
200 400 600 800 1000
MH* [GeV]

— Large CP-violating interference effects possible
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Mn1125(CPV) benchmark scenario
[E. Bagnaschi et al. '18]

Msusy = 21eV, p = 1.65TeV, v My, = 125.09£3 GeV FeynHiggs

My = Mz =116V, My = 2.51eV, v' h1 SM-like HiggsSignals
[Ae] = Ap - = pcot § + 2.8 TeV, v_ additional searches HiggsBounds
ba, =2m/15 v/ EDM 2013 x EDM 2018
M, 125 (CPV) scenario (bb — oy — TH T M,%l%(CPV) scenario M, [GeV]
20_ v \ 1 \ 20_ | | I I I I I I
5} \ il -
£ 10p £ 10F
5_ rl, :/\l\ ..................................................... | 5_
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
M H* [GGV] M H* [Ge\/]
= Unexcluded bay” because of destructive ho—hs interference of up
to —-95% 6
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Signal-signal interference contributions

Example: three neutral mass eigenstates h1, ho, hs, T+t final state,

bb associated production and gluon fusion Process

- 2
h/ 7- haT_ g I/:\ haT_
E _______ 9 ~..__ _|_ q’.__
n _1 g 7T g R 7T

+ hlgher—order contributions

Signal-signal interference contributions can be large for
AM” ‘Ml Mjl < | + F

Typical situation in searches for heavy BSM Higgs bosons:
Mq =125 GeV, M> = M3 » M

2

=L arge signal-signal effects possible if ho, hs mix with each other,

resonance-type behaviour!
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Higgs production via gluon fusion in the MSSM
with CP-violation: SusHIMIi code

S. Liebler, S. Patel, G. W. ’16
gg — H2 Hs, dependence on phase Qat: [S. Liebler, ate /
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0 /2 ™  37w/2 27
P A,

— Large mixing contributions between the mass eigenstates Ho, H3
Full result for o x BR needs to incorporate interference contribution
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Theoretical description

Extended Higgs sectors: several Higgs states which can mix
with each other

Higgs-mass prediction from propagator matrix
Example:

MSSM with complex parameters; two Higgs doublets, three
neutral states

Lowest order: h, H (CP-even) and A (CP-odd)
CP violation induced by loop corrections:
Mixing of h, H, A — mass eigenstates h1, hz, hs
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Standard narrow-width approximation (NWA):
iINnterference etfects are not taken INto account

» simplify complicated process by factorisation: production x decay

NS a e NS a0

/ ¢, M,T f , /q2=M2Xq2=M2 i

» on-shell production and decay of particle with mass M

Oab—scef ~ Uab—>cd(q2 — MQ) ' BRd—>ef

» useful in particular for BSM with extended spectrum

Conditions and limitations of standard NWA
» narrow width I' << M, otherwise off-shell effects < ¢ [Gige, Richardson 08

» production & decay open, away from thresholds . [kauer ‘0s]
» non-factorisable corrections small <. [Denner, Dittmaier, Roth "08]
>

no interference with other processes

e.g. [Reuter '07], [Berdine, Kauer, Rainwater '07], [Kalinowski, Kilian, Reuter, Robens, Rolbiecki '08]



—xtended Higgs sector phenomenology: mixing
between three neutral Higgs bosons

Mixing between h, H, A
— loop-corrected masses obtained from propagator matrix

Apga(p?) = — (thA(p2)>_17 Chaa(p?) =i p™1 — My (p?)]

where (up to sub-leading two-loop corrections)

m? — Su(p?)  —Xng(p?) —Y4(p?)
Mu(p*) = | =Zau@®)  mf—Epu@®)  —Bpa@?)
—Ypa(p?) —Ygalp?)  mi — Xaa(p?)

;
p* —mi + S5 (p?)
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Determination of the Higgs masses from the
complex poles

2035 (p?) Tk (0?)Thi (p?) — T3, (7)1 55 (0%) — T3, (07) T ki (P7)

55 (p%) = Su(p?) — i - = =
N [ (0T (p?) — T2, (p?)

Complex pole M? of each propagator is determined from
MG —mi + 35 (M) =0,
where

M? = M? — iMT,

Expansion around the real part of the complex pole:

AN

Sin(Mg,) = Ljr(My,) + i lm [Mg ] 35, (M)

7. k=h, H A a=1,2,3 -
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Propagator matrix

[E. Fuchs, G. W. ’16]
Apn  Apg Apa

Anga= | Agn Agg Apa
Aapn Aag Aap

Without mixing: Ann, ... has a single pole

For (n x n) mixing: each of the entries Ann, ... in general has n poles

SO : -----
>t Hrgrd Higs
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-INite wave function normalisation factors for
amplitudes with external Higgs bosons

Finite wave-function normalisation factors ensure the correct
on-shell properties of the S matrix

1 1
Zh = g =
A i % i
Op? (Ahh(pz)) p2=M2_ Op? (AHH(p2)) p2=M3,
1 "
Z4 = - . Complex quantities,
Op2 (AAj(pz)) A evaluated at complex pole
— M2
AhH AhH AhA
ZhH = A, Zn = A ZAn = A,
hh pzzM%a HH pQZM’%b AA pQZM}%C
Apa Apga Apga
Lpa = N Zpa = A Zag = A
hh p2:M}2m HH pQZM%b AA ]92:./\/1}21C
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-INite wave fu
amplitudes wi

nction nor
th externa

malisation factors for

HIggs bosons

WF constants can be written as (non-unitary) matrix Z,

vV Zh
VZaZH
VZAZ AR

7 —

Fulfills the conditions

AN

NIV : DR YA Iy, ) 'y,
A VZgZga |, L'y, =7 | I'y
VL AL AH v 2 A :_jhc 1" 4

Every assignment between ha, ho, he,

and h, H, A Is possible!

1 ~ A "

N lim (Z.I‘ -ZT) _ 1
Unit residues oMz, p?— M2 2 -
Off-diagonal  lim —— G (Z.fQ.ZT) _ 1
contributions?—Mz, P*—M;, HH
vanish on- ) PR

lim (Z f -ZT) _ 1
shell pP—M, P2 — M ’ AA
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amplitudes wit

-INite wave function nor

N externa

malisation factors for

HIggs bosons

Loop-corrected
mass eigenstate

= Mixing effects taken into account (via non-unitary matrix)

Lowest-order states

Correct normalisation of the S matrix
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Application of wave function normalisation factors for

internal particles: generalised narrow-width approx.”
_ [E. Fuchs, G. W. ’16]
Expansion of the full propagator around a complex pole:

dominant contribution from Breit-Wigner factor,

ABW(,2) . ¢ _ ¢
o (D7) pP2— M2 p?— Mf%a +iM, Ty,

times wave function normalisation factors:

= Approximation of the full off-shell propagator matrix in terms of
the on-shell contributions of all complex poles
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Application of the propagator approximation

[E. Fuchs, G. W. ’16]

P82 <.
h h, h h h, H h, A
- pyteltel G it etrel it ot et &
Zah Zah Zah ZaH Zah ZaA
H h, H h, H / H h, A
et e T e o ¢
Zori 2Ly Zari  ZLan Laoii ZLaa
A  h, A . A h, H A h, A
+iy ettt G riptelrelify iy iolned &
ZaA Zah ZaA ZaH ZaA ZaA
= A ’l/ ha .] Y
7 g:%:H AF5> s 5 é
Zaz Zaj

— Expression of the full process in terms of the on-shell production
and decay of the intermediate states (— generalised narrow-
width approximation)

—> Convenient incorporation of higher-order contributions, mixing
and interference effects
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Propagator approximation vs. full result

[E. Fuchs, G. W. ’16]

d(bb —>71"17) with propagator mixing Without
400000 - a= 1 Interference
i modified M ,"** scenario: ro "\ i : :
tanf = 50 ,I \ \‘ ,/ ) M, =12620 GeV : COﬂtrIbUthn
. My+ =153 GeV ooy e My 212755 Gev
300000 - ooov ) T, 2094 GeV .y
[ o/ reaizneev | INdividual
) D e— contribution
o - ]
pproximation
100000 - — Full
result
O ] I
122 130

\/sT [GeV]

= Very good agreement of propagator approximation with full result
Incorporation of interference effects is crucial .
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Analysis of BSM Higgs searches in the tt final state:
parton-level analysis (CPV effective couplings)

ySM [H. Bahl, R. Kumar, G. W. ’22]
»Cyuk _ _ gt _(Ct i 7;75515) tH .. 500 GeV (Sigl) |
\/5 e 550 GeV (Sig2) -
S e Sigl-Bkg Intf.
1000 - |
. U Sig2-Bkg Intf. |
S - Sigl-Sig2 Intf. -
—_ ... —— Signal + All Intf.
2 |
— 0
(a] |
O
)
o)
s " Mg, = 500 GeV
m ~1000" - 20Gev
o €41 =0.334
Et,]_ = 0.94
2000 Ms2 =550 GeV
r, = 27.5 GeV
Ct2 = 0.706
&2 = 0.89
40  se0  ss0  &00
s [GeV]
= Interference effects have large impact on the shape of the
distribution 20
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Analysis of
parton-leve

al’

alysis (Z-factors included)

BSM Higgs searches in the tt final state:

[H. Bahl, R. Kumar, G. W, *22]

- Mgy =500GeV 500 GeV (Sigl)
4000 - N=30Gev. > <~ 550 GeV (Sig2) -
c:1 =0.334 .
e Sigl-Bkg Intf.
Ct1 = -0.94
----- Sig2-Bkg Intf.
- Mg=550Gev - - S\ mmes Sigl-Sig2 Intf. -
— 2000 [2=38.5GeV — Signal + All Intf.-
2 ¢.,=0706 -/ e
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a | g e
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? ey Y AL A i‘-‘;--------lilllllll” /
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7 S LT -, N &0 TTmmmmmmmmnnes
e ...... "’ . \0\0
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Z,; =1.015 - 0.139 | :
. Zy5 =-0.276 - 0.999 | , ;
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—> Wave function normalisation factors have large effects
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Analysis of BSM Higgs searches in the tt final state:
Monte Carlo implementation (MADGRAPH)

. . . . [H. Bahl, R. Kumar, G. W. ’22]
Loop function for gluon-fusion Higgs production:

Form factors for the contributions of top quarks

5.

----- Re[A} |
ssl e[A7(11)]
Re[A7L(t)] |

4. ——— ImAY ()]

35 —— IM[AT()]
3|
2.5+
2.
1.5~
1L

0.5

0.5 1

0.3

0.1
r=§/4mf
= Crucial to take into account finite top-mass effects; imaginary part of
the form factor is very important for interference contribution!
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Analysis of BSM Higgs searches in the tt final state:
Monte Carlo implementation (MADGRAPH)

[H. Bahl, R. Kumar, G. W, *22]
e

| o | | -
> i -
L 300 [ MS1 =500 GeV = T R 500 GeV (S|g1) B
Q - |1 =5Gey 550 GeV (Sig2) -
=, e —-- Sig1-Bkg Intf.
= B --- Sig2-Bkg Intf. |
'€ 200} [ Mgy=550 GeV —-- Sig1-Sig2 Intf. |
0 - T2 =27.5GeV — Signal + Al Intf. -
Fe) Cip =1.344 ]
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100
N e
I i
1
|
|
i |
-100 N
I §
|
1 |
H
-200 _— i_: [O% smearing] __

250 500 550 600
_ m(it) [GeV]
= Interference effects have large impact on the shape of the

distribution 23
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mentation (MADGRAPH): impact

imental smearing
[H. Bahl, R. Kumar, G. W. "22]

Monte Carlo imple
of “effective” expe

8.5% smearing:

I | L | L=
% ----- 500 GeV (Sig1) A
Q) 515 GeV (Sig2) 1
O L ciq -
=, ool S!g1 Bkg Intf. |
= --- Sig2-Bkg Intf.
\E/ —-- Sig1-Sig2 Intf.
O Signal + All Intf. |
°
3 10p- .
Bl I
- i_L.:
- e
=t P
P LN
I —— =1 -I..
0 ]
Msq1 =500 GeV
-10F |y =16GeV
Ct1 =04
i1 =05
Mgz =515 GeV =i =1 - — ]
20 1, =20GeV 3 N 8.5% smearing ||
Cto =04 : | i
Ci2 =0.4 L -
| | | | | | |

350 400 450 500 550 600 650 700 750

m(th) [GeV]

— Measurements may be able to resolve a peak-dip like structure
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Monte Carlo imple
of “effective” expe

20% smearing:

mentation (MADGRAPH): impact
rimental smearing

[H. Bahl, R. Kumar, G. W, *22]

—
O
o

~
o

do/dm(tt) [fo/GeV]

-7.5

Ms1 =500 GeV |
F1 =16 GeV
Ctq = 0.4
Gi1=0.5

Mso =600 GeV = —°~
rg =20 GeV
Cio = 0.4

500 GeV (Sig1) |
600 GeV (Sig2) |
Sig1-Bkg Intf. —
Sig2-Bkg Intf.

Sig1-Sig2 Intf. -
Signal + All Intf. 1

[20 % smearing} i

L L | L L L
400

l | l l | l l l l | l l l
500 600 700

T
800

500
m(tt) [GeV]

= Measurements may be able to resolve a peak-dip like structure

resolution of the two BSM Higgs bosons may be difficult
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Application to the C2H
existing results in the lite

Comparison with results of /P Basler et al. *20]

da/dm(tt) [fo/GeV]

-20

-40

-60

= Good agreement with previous results, but signal-signal interference

DM a
rature

Nnd comparison with

80}

1

|
Mg =608.6 GeV -
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it =0.58 ¥
.1 =-0.88 I

S
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L
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e e — — — — —
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----- 608.6 GeV (Sig1)
609.4 GeV (Sig2)

--- Sig1-Bkg Intf.

--- Sig2-Bkg Intf.

- Sig1-Sig2 Intf.

— Signal + All Intf.

0% smearing | |

7400 500 600

~ 700 800 900 1000

m(it) [GeV]

contributions (not considered there) may be sizeable
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Conclusions

Higgs phenomenology in extended Higgs sectors: careful treatment
of unstable particles, mixing, interferences necessary

Typical situation: a light SM-like Higgs boson + heavy Higgs bosons
that are nearly mass-degenerate (note: additional Higgs bosons can
also be lighter than the state at 125 GeV)

Mixing between the heavy Higgs bosons can lead to large
iInterference effects, resonance-type behaviour

Signal-background interferences (for different BSM Higgs bosons) +
signal-signal interferences can modify distributions very significantly
compared to the case of a single BSM Higgs resonance!

Detailed studies are in progress

27
Impact of interference effects on BSM Higgs production processes, Georg Weiglein, 19th Workshop of the LHC Higgs Working Group, 11/ 2022



Sackup
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Mass dependence and off-shell effects

High sensitivity on mass value and importance of off-shell effects
for BR(H = Z2°), BR(H = WW’) have same physical origin:

1=

g P o |
5 bb # [LHC Higgs XS WG ’14]
SM Higgs 3, a9
branching 2 -
. 0
fractions: 102
T
4.,,|...|\...|... L
1080 100 120 140 160 180 200
My, =125 GeV M,, [GeV]

For a 125 GeV Higgs boson the branching ratios into
BRH — Z72°), BR(H = WW) are far below threshold

= Strong phase-space suppression, steep rise with M

= Sensitive dependence on My, off-shell effects are important
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CMS: excess in search for A — tt at about 400 GeV

[A. Anuar 21]

INnterference =

Signal-background interference yields -t
peak-dip structure

m, =4, 6,8 x 100 GeV, T, =0.05m, ]|

-3
= — Total - - Resonance Interference -
01 | 1111 | 1111 | 1111 | 1111 | 1111 | L1117
400 500 600 700 800 900
Invariant mass of the top pair system, m. [GeV]

Analysed using angular correlations of
the top and anti-top decay products
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Data — SM

Search for additional Higgs bosons: H, A — tt

Excess in CMS search at about 400 GeV:
CMS 1 channel 35.9fb™1 (13 TeV)
_' oy rrre rrrep T

| -
[ —— A (ma=400 GeV, 1
- [A/Ma = 4%, gatt = 0.9) - 10
5 - -
ki ) 0.9
Q3E >
oTENT
S:: ; ¢¢””—
0.6 I W -~
0.5
_— 5 - | - - CMS 95% CL excl. (FA/mA = 2.5%)
I 0.6 < Cher <1 0.4 observed 95% expected
1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 - expected 68% expected
500 750 1000 0.3

7400 410 420 430 440 450 460 470 480 490 500

M [GeV] ma [GeV]
CMS, best fit value for 'a/ma = 2.5%
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Search for additional nggs bosons: H, A — tt

[T. Biekétter, A. Grohsjean, S. Heinemeyer, C. Schwanenberger G. W. 21]
Excess in CMS search at about 400 GeV:

~1 LCa/ma [%]
CMS M channel 359 fb - (13 'Te'VZ 2.0 2.2 2.4 2.6 2.8 3.0
- A (ma =400 GeV, i .
- [A/mpa =4%, gae = 0.9) - L0 ]
Rl ] 0.9 f
vy 0.8 N2HDM: 2.0 < T'4/m4 < 3.0, 1.16 < tan 8 < 1.39, 3
I ma = 400 GeV, mp, = 96 GeV 3
+ lg '. f”’——
(D QO -
A

[ ANMISSM Align. Limit: tan 8 = 1.7

1 ().5 F
_5 - 1 — CMS 95% CL excl. (T'a/ma = 2.5%)
I = 0.6 <Cha <1l | J4E observed 05% expected
PR [N T SRR [N T S [ S S : === expected [T 68% expected
500 750 1000 0.3

400 410 420 430 440 450 460 470 480 490 500
Mii [GeV] ma [GeV]
— Good description of the A — tt excess at 400 GeV in models with
extended Higgs sectors (N2HDM, NMSSM)
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Higgs production via gluon fusion in the MSSM
with CP-violation: SusHIMIi code

[S. Liebler, S. Patel, G. W. '16]
Phase dependence for dominantly CP-even state he”:

10 - - -
— - th°d+ tg —40 mHi—QOOGeV 1 — 142_ th°d+ tﬁ:4o mHi—QOOGeV ]
=) | OLO 99 = he] & | oLO gg — h’
---o w/ot, ;
10
6.—' ~ oy
| 81
4.- 6:
| 41
2 |
2
o - : - oL
o 1.24 o 1.30
312 S
~ 118F N _~ ~ 142
b 1.16 \ ] ; ] ; ] ; 3 b 110 ; ] ; ; ] ;
0 /2 T 3w/2 27 0 /2 T 37/2 27

DA, DM
= Significant reduction of theoretical uncertainty w.r.t. LO result
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Jon fusion in the MSSM:
ating effects

Iggs production via g
incorporation of CP-vio

SusHIiIMIi code: [S. Liebler, S. Patel, G. Weiglein ’16]
gg — h2/ hs, phase dependence for dominantly CP-even state he”:
10 . T . T . T . . T . T . T .
— o~ mpt ty = 40, my+ = 900 GeV — 141 ~ mp t3 = 40, my+ = 900 GeV
é | e r gg — h.] é :-O'LO gg — h.]
e 8l==0o o (13TeV){ " 2|
-—--ocw/ot,b :
Z 8|
d 6}
| "
2 |
o M 0 i
o 124t ' o 1.30f
312 215
~ 1:18.-'\\ < 1.20
© f46f , o, L . IR
0 /2 T 3m/2 27 0 /2 T  3m/2 27
DA, DM

= Significant reduction of theoretical uncertainty w.r.t. leading-order (LO) result
The interference between the two nearly mass-degenerate heavy Higgs
bosons yields an important contribution to the full result for o x BR
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= CP-violating mixing induces resonance-type enhancement
+ large destructive interference contributions
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> Decay H — ZZ is determined by g = cos(8 — a) = cs_q
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> Production gg — H involves ¢ and g’ with

— _S,B—Oé

1
tan 8

"‘CB—oz ~ 0

at c3_o =0.2, tan = 2.

— Where couplings are small (in production
or decay) interferences are large.
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adronic gg — ZZ cross sections, impact of

interference contributions for larger values of tan(3
[N. Greiner, S. Liebler, G. W. '15]

sin(B-a) = 0.990, My = 400 GeV:
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= Interference effects provide enhanced sensitivity to heavy Higgs H
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Interferences at high invariant masses

[N. Greiner, S. Liebler, G. W. ’15]
2HDM type |, sin(B-a) = 0.950, My = 400 GeV, tan3 = 5:
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= All interference contributions needed for correct description
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